A non-standard heat-treating process has been successfully applied farimproving the mechanical properties of low carbon Fe-0.12%C-0.5%Mn steels. The process consists of alternate thermal cycling in the y range and two phase (a+y) range with intermediate quenching so as to produce a microduplex fine grained mixture of martensite and proeutectoid ferrite. Some retained austenite is also present. These structures were characterized using optical and transmission electron microscopy.
INTRODUCTION
A great deal of work has been carried out to increase toughness 1-3 and strength of medium and high carbon alloy steels while comparatively little emphasis has been directed towards a fuller understanding of the ductility and strength of low carbon steel, particularly plain-low carbon steels.
It appears that there is considerable scope for exploiting the potential ductility of plain-low carbon steel with adequate strength.
In steels containing ferrite and pearlite the increase in strength found by increasing carbon is very effective, 4 but there are major disadvantages associated with this increase, namely, inadequate ductility and weldability. For a given composition of ferritic and pearlitic steel, it has been shown that the most important factor controlling strength and associated ductility is grain size. 5 ' 6 7 Following the work of Grange, a rapid heat treatment process was developed. This consisted of repeated cycles of rapid austenitizing and cooling and has now become a practical method to achieve ultrafine grain size. However, the increase in strength due to ultrafi.ne grain size in steels with a mixture of ferrite and pearlite is not sufficient to reach the required strength level in some engineering applications, e.g. transportation in which achievement of weight reduction is an urgent task for design engineers.
If a plain-low carbon steel, subjected to thermal cycling so as to obtain fine grain sizes by conventional or rapid heat treatment techniques, is then quenched to form martensite so as to increase -2-strength, the ductility drops drastically and undesirable microstructures result due to low hardenability. Appreciable savings in weight and cost can be obtained if the strength can be increased withOut sacrificing ductility (so as to allow forming to be done).
The use of the (a+y) t\W phase field for improving mechanical properties of steels has been recognized by other investigators e.g.,
in the maraging steels y Jin et al, and for low alloy steels by 9 Snape and Church. However, the transformation behaviour and the beneficial effect resulting from using two phase decomposition are dissimilar in different systems and conditions.
The aim of this work is to extend the thermal cycling techniques to existing commercial 1010 type steel, by manipulating variables such as grain size and transformation substructures, so as to increase the strength at adequate ductility levels without the necessity of using mechanical or thermal-mechanical treatments. The materials used in this investigation were commercial automobile structural steels (INNA) and 1010 steel whose alloy compositions are given in Table I . The steel alloys, hereforth denoted "A" and "B" electron microscopy specirnens were prepared by cutting the sheets into slightly bigger dimensions than the exact tensile specimens, homogenizirg under an argon atmosphere at 1100°C for two hours, and then furnace cooling. The specimens were austenitized in an argon atmosphere at 1100°C for 30 minutes and then quenched directly into agitated iced brine. Later, transmission electron microscopic examination showed that the as-quenched specimens were free of undissolved carbides and were almost completely martensitic. The details of the thermal cycling treatments are given in the following section. Tensile tests were performed at room temperature in an Instron machine with a cross-head speed of 0.05 em/min and full scale load of 1000 Kg. Uniform elongation'was measured from the stress-strain curve and minor corrections were made with a one-in. extensometer capable of measuring strains up to 60%, the output of the extensometer being fed into the chart drive system of the Instron control console.
Values of percent elongation reported are averages of at least three tests.
Metallography
It was decided to concentrate this investigation mainly on the microstructures and related tensile properties of the alloy "A", since there is little difference in compositions between them except for the amount of interstitial solutes (especially nitrogen).
Sections to be used for optical microscopic observation were cut from the tensile specimens. In metallographic inve~tigations the standard etchant 2% nital was used; to reveal the prior austenlte -6-grain boundaries in quenched samples, an etch solution of 1.4g picric acid, lg sodium tridecylbenzene sulfonate and 100 ml water was utilized.
The prior austenite grain sizes were measured by the linear intercept method from optical micrographs, and are given in Table 2 In this investigation, martensite was chosen, by quenching from high austenitizing·temperature (1100°C), as the initial microstructure.
This was partly to minimize possible segregation of embrittling impurity elements .into the prior austenite grain boundaries on slow cooling, which as a result might lead to intergranular embrittlement. In order to determine suitable austeni tizing periods: is.othermal experiments were made at 20°C above their respective A 3 temperatures.
Insufficient holding time results in undissolved ferrite which can be identified by its "blotchy" appearance in the optical micrograph of an as-quenched specimen; excessive grain growth sets the upper limits.
Following these guiding principles of obtaining optimum peak temperature and holding time, the conditions for subsequent steps were also optimized to achieve maximum grain refinement. For specimens A and -.
B subjected to conventional heat treatment, a suitable austenitizing time was found to be seven minutes for the first cycle (Cl) and six minutes for the second cycle (C2)~ producing (after C2) microduplex structures consisting of mainly martensite and proeutectoid ferr.ite Presumably this is due to the existence of proeutectoid ferrite inevitably present because of low hardenability,and due to the presence of nonuniform carbide morphology (see Fig. 7 ). This would lead to more grain refinement in some areas than others, since the nucleation of the a~ transformation on heating is usua11y believed to be precipitate-correlated. Table 2 .
The typical microstructure of martensite consisting of dislocated laths in this low carbon steel is shown in Fig. 5 . Adjacent laths were sometimes twin related or separated by small angle boundaries. Another prominent feature in the martensite was the occurrence of autotempering.
The density of the autotempered carbides was highest in the starting microstructures and decreased remarkably in the specimens after two cycles. ower energy tan t ose ava1 a eat t e prec p1tate, so t1ere s little driving force for precipitation in the martensite.
A.surprising observation was the detection of extremely narrow films of retained austenite along the martensite lath boundaries, the amount depending upon heat treatment.
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The 0.5% Mn, 0.12% C steel is hypo-eutectoid in composition, and has very low hardenability; thus, pro-eutectoid ferrite followed by precipitation of (a + carbide) according to the y~ + carbide reaction
should be expected at a high transformation temperature upon quenching.
The ferrite regions in all the specimens subjected to the various heat treatments were heavily dislocated. However, the significant differences in proeutectoid ferrite morphologies between specimen A4 (heat treatment C2 + IBQ) and specimen AS (T2 + IBQ) were subgrain size and dislocation density. In specimen A4, the high density of dislocations in ferrite, which are probably produced as a result of the y ~ martensite transformation strain, would appear to have been reduced by self annihilation and subsequently annealed out on heating, since the crystal structure changes as the a~y transformation proceeds.
Thus, in this structure the dislocations were mostly fresh dislocations produced in the last step of quenching in the heat treatment sequence.
Moreover, the dislocations were frequently concentrated in the vicinity of the a/martensite boundaries.
On the other hand, the proeutectoid ferrite in the specimens AS, subjected to two phase decomposition, does not transform to austenite when annealed in the two phase region. As a result, the dislocations generated by partial martensitic transformation on quenching would rearrange themselves into dislocation walls, thus forming sub-boundaries during annealing in the two phase field. This is shown in Figs. 6(a) and (b). The electron microscopy examination revealed that the specimens subjected to heat treatment T2 contained sub-boundaries spaced on
. U "" J 0 -13-average 0.5 to l]J apart ( Fig. 6(b) ) in some areas, and larger sizes than these in other areas.
The ferrite in the immediate vicinity of the martensite/a boundari0s showed a high density of carbide particles resulting from the y~ + carbide reaction after the completion of the nucleation and growth of proeutectoid ferrite upon quenching. This is illustrated in Fig. 7 . This t~pe_of structure was frequently observed in all the specimens observed, and is sirtlilar 17 ·to that observed in the isothermal _decomposition of austenite in Cr steels. The zone of the localized carbides was 1 to 3]J wide. It appears that the carbide adopted both :a fibrous morphology ( . Careful diffraction and dark field electron m1croscopy revea e retained austenite that was trapped between two growing martensite laths in the form of narrow thin films. This is an interesting observation since the occurrence of this phase in such low carbon steels has not been reported by earlier investigators.
The stabilization of austenite has been the subject of a number of investigations. Austenite retention at room temperature can be explained partly by the lowering of Mf temperature below room temperature -14-due to carbon enrichment. Its retention can also be understood in terms of thermal and mechanical stabilization.
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In applying these concepts, it seems plausible that retained austenite should form in a low carbon steel. 
Relation Between Microstructures and Tensile Properties
The room temperature tensile tests data are summarized in Table 2 .
Comparing the values of yield strength and uniform elongation between the specimens given conventional treatments and non-conventional heat treatment, fo'r example, specimens A2 and A3, A4 and A5, B4 and B5, and so on, one observes that the latter provided better combinations of yield strength and uniform elongation than the former treatments. As described previously, the experimental heat treatments provided finer prior Y grain size than can be attained by other treatments, -hence this may contribute to the improved tensile properties. However, since the decrease in the grain size was not great, the contribution, if any, would be small. In order to isolate the effect of grain size
.. than specimens A7, possibly due to the reduced retained y as described before. However, the differences were very small; therefore, the effect of retained y on the improved properties is expected to be very small, but further experiments on this could be interesting • . .
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